Comparison of the induction of plasma interferon (IFN) by murine eytomegalovirus (MCMV) in BALB/c and CBA mice demonstrated similar kinetics of induction with maximum titres at 6 and 48 h after infection. Although neutralized by antibody to type I (~ and fi) IFN, the IFN was predominantly acidqabile. The 6 h titre was markedly dependent upon the dose and method of preparation of MCMV and also the strain of mouse used. Higher plasma IFN titres were found in CBA than in BALB/c mice tbllowing both intraperitoneal or intravenous infection but this strain variation was not apparent in IFN levels in the spleen and liver. IFN induced by MCMV in CBA and BALB/c mice was equally effective at inhibiting MCMV replication in vitro. Cultured embryo fibroblasts derived from CBA and BALB/c mice produced similar levels of IFN, but it was not detected until 24 h after infection. Use of irradiation chimeras prepared from H-2-compatible high IFN producers (CBA) and low producers (B10.BR) showed that the level of IFN produced at 6 h was dependent upon bone marrow-derived cells.
INTRODUCTION
In mice, resistance to lethal infection with routine cytomegalovirus (MCMV) is genetically determined [Chalmer et al., 1977; Grundy (Chalmer) et al., 1981] , although the protective mechanisms have not been elucidated.
We have reported previously that high levels of type I (c~ and fl) interferon (IFN) can be detected in the blood by 6 h after infection (Shellam et al., 1981) and that the titre differs between strains of mice at this time and is regulated by non-H-2-1inked genes [Grundy (Chalmer) et al., 1982] . Furthermore, the treatment of mice with antiserum to type I IFN demonstrated that IFN protects against MCMV infection in genetically resistant C3H mice but not in susceptible BALB/c mice [Grundy (Chalmer) et al., 1982] . Thus the role of IFN in genetically determined resistance to MCMV merits further investigation. The present study had three objectives : firstly, to define the factors such as virus dose, virus source, route of inoculation and time of sampling which influence the titre of IFN induced by MCMV; secondly, to determine to what extent these variables affect the difference in IFN titre observed between strains of mice using a high (CBA) and a low (BALB/c) IFN-producing strain; finally, to investigate whether the cell(s) responsible for the strain variation in IFN response are of somatic or of bone marrow origin.
METHODS

Mwe.
Female inbred BALB/c, CBA/CaH and C3H/HeJ mice were bred and housed under conventional conditions at the University of Western Australia and were used at 9 to 15 weeks of age.
Vtruses. The Smith strain of MCMV was propagated by salivary gland passage in female weanling BALB/c mice as described elsewhere (Chalmer el al., 1977) . Normal salivary gland homogenate was prepared from uninoculated mice in a similar fashion. MCMV stocks contained 3 x 107 plaque-forming units (p.f.u.)/ml as determined by titration on secondary cultures of outbred WEHI strain mouse embryo fibroblasts (MEF; Allan & { Present address: Department of Experimental Pathology, John Curtin School of Medical Research, Australian National University, Canberra, A.C.T. 2601, Australia. Shellam, 1984) . Tissue culture-derived MCMV was prepared by two passages in BALB/c MEF. All MEF cultures described were prepared by trypsin dispersion of 15-to 17-day-old embryos. Encephalomyocarditis virus (EMCV) was propagated in L929 cells.
Sample collection. Mice were inoculated intraperitoneally (i.p.) and heparinized blood (50 units heparin/ml) was collected by cardiac puncture under ether anaesthesia. Organs were collected aseptically. Livers and spleens were prepared as 50~ and 10~ (w/v) homogenates in phosphate-buffered saline (PBS) in a Waring blender. After centrifugation at 2000 g for 20 min at 4 °C, samples which were used for the assessment of acid-stable titres of IFN were dialysed at 4 °C against 0.1 M-glycine-HCl buffer pH 2-0, for 2 days followed by 24 h dialysis against PBS, pH 7.2. Samples were passed through a 0.22 ~tm filter prior to storage at -70 °C.
Interferon assay. Interferon titres were usually measured by the cytopathic effect (c.p.e.) reduction method using L929 cells and EMCV (Shellam et al., 1981) . The NIH standard mouse IFN G002-904-511 which has an assigned value of 1.2 x 104 international reference units/ml had a titre of 10.4 x I04 units/ml in this assay. Interferon titres are quoted in laboratory units. In the plaque reduction assay, which was used where specified, cells were incubated overnight in trays (Costar 3524) at 2 x 105 cells/well before the addition of serial twofold dilutions of samples in 0.5 ml per well. After 24 h the monolayers were washed three times and 100 ~tl/well of virus was added. The plates were then centrifuged at 900g for 20 min at 22 °C, the inoculum removed and 1 ml of MEM containing 2~ newborn calf serum (NCS) and 2 ~ methyl cellulose or 0.5 ~ agarose added to MCMV-or EMCV-infected cells respectively. After incubation for 22 h at 37 °C for EMCV and 72 h for MCMV, the plates were stained with 1~ methylene blue in 10~ formalin and plaques were enumerated.
Antiserum to ~ and fl IFN was a gift from Dr J. Trapman, Erasmus University, Rotterdam, Holland. Its preparation has been described previously [Grundy (Chalmer) et al., 1982] .
Induction oflFN in MEF. MEF were dispensed at 1 x 106 cells/well (35 mm diam., Costar 3506) in MEM with 10 ~ NCS. Twenty-four h later the confluent cultures were infected with 0.2 ml of MCMV in MEM with 2 ~ NCS for 1 h at 37 °C, the inoculum was then removed and 1 ml of MEM with 5~ NCS was added, Bone marrow chimeras. Eight-to 10-week-old female CBA and B10.BR mice were subjected to lethal Xirradiation of 800 rads and injected intravenously within 24 h with 2 × l0 T bone marrow cells from 5-to 8-weekold CBA or B 10, B R donors, Chimeras were used 8 weeks after reconstitution, by which time spleen cell numbers had returned to the level of age-matched untreated mice of each strain.
Statistics. Titres represent the geometric mean + standard error. The significance of the difference between results was calculated using Student's t-test.
RESULTS
Kinetics of IFN induction
The titre of acid-stable IFN in the plasma was measured after i.p. infection with MCMV ( Fig. 1) in BALB/c and CBA mice which are genetically susceptible or resistant respectively to MCMV (Chalmer et al., 1977) and are known to differ in the levels of IFN which are produced at 6 h after infection. After 105.6 p.f.u., BALB/c mice died from day 3 while mice of the more resistant CBA strain survived. IFN was not detected at 3 h, but high titres were found at 6 h and again at 48 h in both strains ( Fig. la) , with CBA producing more IFN than BALB/c at 6 (P < 0-001) and 48 h (P < 0.005), and maintaining higher levels throughout.
With 10 ~ p.f.u, which was sublethal for both strains, acid-stable IFN was not detected until 48 h (Fig. l b) and there was no difference in titre between strains at this time. From day 3, at both doses of virus, the IFN response rapidly decreased and was undetectable in each strain by day 5 (Fig. la, b) . The presence of IFN was confirmed by the observation that the antiviral activity of samples ll'om BALB/c and CBA mice at 6 and 48 h after infection following the high dose of virus and at 48 h after the lower dose was completely abolished (< 2 log2 units/0-1 ml) by treatment with antiserum to ~//~ IFN. Inoculation of an equivalent dilution of normal salivary gland homogenate did not induce IFN in the plasma of either strains 6 h later.
In a survey of the IFN response of BALB. B, BALB/c, BALB. K, C57BL/6, CBA, C3H and B10.BR strains following infection with 10 s'6 p.f.u., there was again found to be greater variation between strains in the 6 h than in the 48 h IFN response, at which times the means of the IFN titres produced by all these strains was 8.5 + 3.2 and 10.0 + 0.7 log2 units/0.1 ml respectively. The 6 h titres in a large number of strains of mice will be published elsewhere (G. R. SheUam & J. E. Allan, unpublished). 
The effect of virus dose and acid treatment on IFN titre
Plasma was collected between 5.5 and 6-5 h after infection of BALB/c and CBA mice which were inoculated on the same occasion with a range of doses of MCMV. In both strains the IFN response was markedly dependent on the size of the viral inoculum (Fig. 2) . However, the CBA j.E. ALLAN AND G. R. SHELLAM 7-5 8.3 5.4 9 ND 7.5 ND * MCMV as a salivary gland homogenate, was diluted to 105.7 p.f.u./0.1 ml, passed through a 0-22 ~tm filter, and all mice were inoculated with 0.1 ml of the filtrate. The virus titre of the filtrate was not determined.
t Plasma was pooled from three mice/group and was not treated at pH 2. :~ i.p., Intraperitoneal; i.v., intravenous. § ND, Not done. 11-1 11-2 13-7 7.3 10.3 10.5 9.7 6-9 9.2 9-5 10.4 8.5
9.1 9.8 ND 9.2 9.8 10-5 6.6 8.5
6-1 8.7 <5'3 6.8 7.8 8.4 <5-3 or per ml of plasma pooled from five mice. § The variable levels of minimum detectable IFN were created by multiplying the titre/0.1 ml by the volume of tissue homogenate prepared, although the minimum detectable titre was <2.0 log2 units/0.1 ml of sample.
response was greater (P < 0.005) than that of BALB/c mice, irrespective of the virus dose. In contrast, the 48 h response was less dose-dependent (Fig. 1 a, b) , These samples were also titrated without prior dialysis-against the pH 2 buffer at 4 °C, since we have found that pH 2 treatment decreases the IFN titre [Grundy (Chalmer) et al., 1982] . In both strains at 6 h after infection about 75~o of the IFN induced by the highest virus dose was acid-labile, and the labile component also predominated in the IFN induced at lower virus doses (Fig. 2) . This loss of titre was found to be related to the acid treatment rather than to any instability at 4 °C or to passage through the dialysis membrane. The activity of BALB/c and CBA samples untreated with acid was completely inhibited by treatment with antiserum to ct/fl IFN. Sixty to 80~ of the plasma IFN produced by CBA mice on days l, 2 and 3 following infection with 105.0 p.f.u, was also acid-labile (data not shown).
The anti-MCMV activity of MCMV-induced IFN
Plasma with an IFN titre of 16.9 log2 units/ml was obtained from CBA and BALB/c mice at 48 h after infection with 103.6 p.f.u, of MCMV and was used without pH 2 treatment. The number of MCMV plaques formed in BALB/c MEF was decreased by 50~ on incubation with 7-5 + 0-1 log2 units of CBA IFN and with 7.5 + 0-2 log2 units of BALB/c IFN.
Route of inoculation
The difference noted in the plasma IFN levels between BALB/c and CBA mice was not related to the use of the i.p. route of inoculation since the CBA response was also greater after intravenous inoculation (Table 1 ). The lower 6 h IFN titres compared with those in Fig. 1 reflect a reduction in virus dose due to filtration of the viral inoculum.
Organ titres of IFN
The level of plasma IFN was related to that found in the liver and spleen (Table 2) . Acidstable IFN was present in these tissues from 3 h, with maximum titres at 6 h, as observed in plasma. All antiviral activity present in these samples at 6 h could be neutralized by antiserum to ~/fl IFN. Tissue was not collected from BALB/c mice at 3 h because a preliminary experiment did not detect IFN at this time. The titres of IFN at 6 h were similar in the liver and spleen of BALB/c, C3H and CBA mice although plasma titres differed. Thus the total titres of IFN in the liver and spleen were 11.4, 11.2 and 10.5 log2 units in BALB/c, CBA and C3H mice respectively, whereas the plasma IFN titres were 5.3, 13.7 and 6-6 log2 units/ml respectively. These observations were confirmed in three further experiments with BALB/c and CBA mice. Furthermore, on examination of four individual BALB/c and CBA mice at 6 h after infection with 105.6 p.f.u, of MCMV, there was no significant difference in the mean spleen titres of IFN whereas the mean BALB/c plasma titre (7.9 + 1.3 log2 units/ml) differed (P = 0.013) from that of CBA mice (11.7 + 0.1 log2 units/ml).
Induction of IFN by tissue culture-derived MCMV
In contrast to virulent virus, the culture-derived MCMV failed to induce IFN at 6 and 48 h after infection of CBA mice (Table 3 ) or in CBA mice at 9 and 12 h (data not shown). In BALB/c the 6 h time-point was not examined since no response was expected with this dose of virus (Fig.  2) . Although the culture-derived preparation induced some IFN at 48 h in BALB/c mice, the titre was less than that induced by salivary gland virus (P < 0-001).
Induction of IFN in MEF
To determine if mouse strain variations in the levels of plasma IFN could be reproduced in vitro, cultured MEF from BALB/c and CBA mice were infected with MCMV at an m.o.i, of 0.8.
No IFN was detected in the supernatants of these cultures 4, 8 or 16 h after infection (Table 4). It Table 5. Induction of lFN 6 h after MCMV infection in CBA<--~BIO.BR irradiation chimeras*
log2 Units IFN/0.1 ml plasma Group
No./group (mean + S.E.M.) P CBA --, CBA 10 12.4 + 0-2 B10.BR --, BI0.BR 6 9"0 + 0-3 CBA ~ BI0.BR 8 11.8 + 0-3 <0-001 B10.BR ~ CBA 10 6.9 ___ 0-3 <0.001
* Lethally X-irradiated B10.BR and CBA mice received bone marrow from the donors indicated (e.g. B10. BR --* CBA, B10. BR being the donor) and were inoculated i.p. with 105.6 p.f.u, of MCMV 8 weeks later. The IFN titre of plasma samples was determined at 6 h without prior acid treatment. P values are for the comparison of B10.BR ~ CBA with CBA ~ CBA; CBA --, B10.BR with B10.BR --, B10.BR.
was detected at 24 h and titres increased at 48 h with the development of c.p.e. Titres were still high at 96 h, the time of complete c.p.e. There were no differences in IFN titre in the culture fluids of the MEF of the three strains. A number of variables were examined in an attempt to induce IFN before 24h: second passage MEF instead of higher passage numbers, preincubation of cells for 24 h or 48 h before infection, infection of monolayers at m.o.i. 0-004, 0.04 or 0.4 of salivary gland virus and a m.o.i, of 0.1 of tissue culture-derived virus. None of these procedures produced IFN earlier than 24 h after infection.
IFN induction in irradiation chimeras
The use of marrow chimeras to study whether the IFN-producing phenotype was a property of marrow-derived cells was based on our observation that doses of irradiation greater than 500 rads completely prevent the production of early IFN (G. R. Shellam & J. E. Grundy, unpublished) , and on the availability of H-2-compatible strains which differed in their 6 h IFN titres. Marrow donors were mice of the CBA strain which produce high titres of IFN and of the B10.BR strain which we have found produce relatively low titres of early IFN [Grundy (Chalmer) et al., 1982] . Regardless of their genotype, mice which were reconstituted with CBA marrow produced high quantities of IFN and those reconstituted with B10.BR marrow produced IFN in lower titre 6 h after virus inoculation (Table 5 ). This demonstrates that the high or low responder phenotype is the property of bone marrow-derived cells. Irradiation chimeras were also constructed between histocompatible B10.A and A/J mice which do not differ in the level of IFN produced at 6 h. As expected, no differences in titres were observed in the chimeras or syngeneically reconstituted mice (data not shown).
DISCUSSION
Since the early production of interferon appears to contribute to resistance to MCMV [Grundy (Chalmer) et aL, 1982] , the factors which influence the induction of IFN by MCMV have been examined. Although the IFN titre at 6 h varied amongst strains of mice, the kinetics of IFN production did not appear to differ between strains. IFN was found in tissues from 3 h and was presumably induced by the viral inoculum. Herpes simplex virus type 1 (HSV-1) (Zawatzky et al., 1981) and other viruses (Baron & Buckler, 1964 ) also induce IFN during this early period. In contrast, the heightened IFN response at 24 to 48 h coincides with the rapid increase in MCMV titre in the liver and spleen (Allan & Shellam, 1984) and has been described previously (Henson et al., 1966; Kelsey et al., 1977; Tarr et al., 1978) . To optimize the difference in IFN titre between strains of mice at 6 h it was found necessary to use a large dose of virus as has previously been reported for Newcastle disease virus, Sendai virus (DeMaeyer & DeMaeyer-Guignard, 1979) and HSV-1 (Zawatzky et al., 1981) . However, IFN production at 48 h was relatively independent of both the dose of virus and the strain of mouse used.
Although CBA and BALB/c mice differed in the amount of early IFN which they produced, there was no difference in the ability of equivalent amounts of plasma IFN from these strains to inhibit MCMV replication in vitro in BALB/c MEF. This demonstrated that MCMV is sensitive to the activity of IFN which it induces, although we also confirmed a previous report (Osborn & Medearis, 1966) that MCMV is less sensitive to IFN in vitro than EMCV (J. E. Allan & G. R. Shellam, unpublished observation) .
Interestingly, while the 6 h plasma titre of IFN varied between strains, extracts of livers and spleens from three strains exhibited similar titres over the first 12 h of infection. This suggests that there are strain-dependent differences in the amount of IFN entering the circulation, that the plasma clearance rate differs between strains or that antagonists of antiviral activity are present in the plasma of the low producer strain. IFN antagonists have been found in the plasma of uninfected mice (Rytel, 1975 ), but we have not detected them in normal BALB/c plasma (J. E. Allan & G. R. Shellam, unpublished data) . However, a factor which inhibits IFN production in vitro has been described in the serum of MCMV-infected mice (Stringfellow et al., 1977 ; Tarr et al., 1978) .
Tissue culture-passaged MCMV has been used frequently to study this infection. However, virus passaged in vitro induced lower titres of IFN than the equivalent dose of salivary glandderived virus. Since tissue culture-passaged MCMV does not stimulate early IFN production, its reduced virulence (Osborn & Walker, 1970) may be due to a change affecting an early stage of the replicative cycle.
Previously we reported [Grundy (Chalmer) et al., 1982] that the IFN produced early after infection was largely acid-labile, although all the antiviral activity was neutralized by antibody to type I (~ and fl) IFN. Here it was found that the proportion of these acid-labile and stable IFNs appeared to be relatively independent of virus dose and time after inoculation. Nonimmune acid-labile IFN have been reported in several species following exposure to endotoxin or certain viruses (Stewart, 1979) , and acid-labile IFNs were recently described in patients with systemic lupus erythematosus , the acquired immune deficiency syndrome (De Stefano et al., 1982) and in vitro following stimulation of peripheral human leukocytes with influenza virus (Balkwill et al., 1983 ).
An investigation into the type of cells that determine the titre of early IFN showed that cultured MEF did not express the gene which controls the level of IFN induced. IFN was not detected until 24 h after infection, and from 24 to 96 h there was no difference in IFN titre between cultures derived from low or high responding strains of mice. Induction-of IFN by MCMV before 24 h has been described in MEF from outbred NIH Swiss mice (Oie et al., 1975) but the reason for our differing results cannot be readily identified. However, cells of bone marrow origin were found to influence the titre of early IFN induced by MCMV. Lethally irradiated mice reconstituted with bone marrow from high (CBA) or low (B10.BR) IFN producers exhibited the IFN phenotype of the marrow donor. Similarly, by the use of irradiation chimeras, haemopoietic cells have been shown to regulate IFN induction by Newcastle disease virus (DeMaeyer et al., 1975) .
The identity of the cells which are responsible for early IFN production is unknown. However, natural killer cells do not appear to be responsible since early IFN titres are not affected by the beige mutation (Shellam et al., 1981) and our preliminary results indicate that treatment of mice with 89Sr or antibody to asialo-GM 1 ganglioside, which diminish natural cytotoxicity, does not affect the 6 h titre of IFN induced by MCMV.
